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The Enzymic Synthesis of Amino Acyl Derivatives of
Ribonucleic Acid
v. Nucleotide Sequences Adjacent to the .. pCpCpA End Groups
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The composition and scquence of mnucleotides occurring next  to the
common terminal trinucleotide sequence, ..pCpp:\, of amino acid-acceptor
ribonueleic acid chaing has been analysed. The normally existing .. pCpCpA end-
groups were enzymatically removed, replaced by . 22pC2pC and the Tabeled
ribonueleie acid was degraded with alkal, pancreatic and I ribonuclease. The

analysis of the labeled fragments produced in cach digestion demonstrates that,
aside from the common . pCpCpA - terminal sequencee, there s considerable
heterogeneity in the nucleotide sequences at the amino acid-aceeplor end of the
chains. Kleven different sequences, ranging in length from 4 to 9 nncleotides and
accounting for approximately 809 of the ribonucleic acid chains in the popula-
tion, have been identificd.

1. Introduction

“Among the cellular RNAs only one clasg acts ax an amino acid acceptor (see Hoagland,
1960, and Berg, 1961, for recent reviews). The amino acid-aceeptor RNA fraction is a

smixture of chains each specific for a single amino acid. In each case the amino acid is

linked to its appropriante RNA chain by an ester boud to an hydroxyl gronp of the
terminal nucleotide (adenyl) residue (Zachau, Acs & Lipmann, 1958, }1'01,\'3, Berg,
Ofengand, Bergmann & Dieckmann, 19595 Hecht, Stephenson & Zameenik, 1059).
Moreover, scparvate enzymes, amino acyl RNA synthetases (Berg, Bergmann,
Ofengand & Dieckmann, 1961), catalyse the formation of each amino acyl RNA
devivative (Berg & Ofengand, 1953; Allen, Glussman & Schweet, 1960; Lipmann,
Hilsmann, Martmann, Boman & Acs, 1939). At present little is known of the structural
Parameters of the RNA which distinguish one amino acild-specific RNA chain from
another. A possible clue is the recent finding that RNA preparvations enviched for
alanine., valine-, and tyrosinc-acceptor activity have different hase compositions
{Holley, Apgar, Merrill & Zubkoff, 1961).

Inasmuch as each amino a(:itl—fmcepfor' RNA chain contains anidentical trinucleotide

Mence, adenylyl 5 -3 cytidylvl 5 —» 3" cytidylvi W’—f ..ot the aceeptor end
(H((h‘(, Zameenik, Stephenson. & Scott, 1958; (¢ mellakis & Herbert, 1060 Preiss,
Dicokmann & Berg, 1061; Furth, Hurwitz, Krug & Alexander, 1961) and a
guanosine-5'-phosphate residue at the other end (Singer & Cantoni, 1960; Zillig,
Schachtschabel & Kroue, 1960), these portions of the chain may be excluded as the
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140 ULF LAGERKVIST AND PAUL BERG

sole origins of the specificity. One possibility is that the speecificity resides in nucleotiggs
sequences adjacent to or near the pCpCpAT segment. To test this hypothesis we haye
examined two questions, First, is there sufficient heterogeneity in the nucleotige
sequences adjacent to the pCpCpA end groups to specify the twenty or more aming

acid-specific chains and second, are different amino acid-acceptor RNA chaing:
distinguishable by the nucleotide sequences in this region? Our results establish that,

aside from the common pCpCpA end groups, marked differences in the 3"-hydroxy

terminal nucleotide sequences do oceur. Eleven different sequences, accounting for

approximately 80%, of the acceptor RNA chains and ranging in length from 4t 9

nuecleotides, have been identified. The next paper (Berg, Lagerkvist & Dieckmann,

1962) shows that one of these, ..GpCp(UpC)pApCpCpA, arvises from RNA chains

which accept isoleucine and two others, .. GpCpApCpCpA and .. GpUpApCpCpa,

occur in RNA chains which accept leucine.

2. Basic Experimental Approach

The method rclies on sclective labeling of the RNA chains at the amino acid-
acceptor end and analysis of the labeled fragments produced by specifie degradation
procedures.

o pHPXPYPZeCpCpA
PP
L pWEXpYpZ + 2CTP +ATP

CTP-«t —*P

L PWPXpYpZtpC*pC + 2PP;

Fic. 1. Pyrophosphorolysis and subsequent labeling of amino acid-acceptor RNA.

1. RNA was enzymically pyrophosphorolysed to remove the terminal three
nucleotides from each RNA chain (Preiss et «l., 1961) and then two CM*D residues
were added to form RNA. #pCHpC (Tig. 1).

2. Digestions of the labeled RNA with alkali, pancreatic RNase and takadiastase
RNase (T RNase) produce a mixture of mono-, di-, and oligonucleotide fragments;
in each case, the fragments originating from the amino acid-acceptor end of each
chain are labeled with *P and thervefore are distinguishable from fragments arising
from internal regions of the RNA chains (Fig. 2).

t The following abbreviations have been nsed thronghout: A for adenosine, G for gummsing .
for eytidine, U for uridine, $U for 5-ribosyl uracil (pseudo-uridine), and v'[' for F-ucthyluridine
For shorthand purposes in designating nucleotide sequences or the products derived from fhe‘
degeadation of oligonueleotides, the following designations have been used (Markham & Qnith,

1952): Ap, Gp, Cp, Up, rTp and /Up for the 2’- or 3’ -nucleoside monophosphates (or a mixture (:i
fenote

G

both) and pA, p, pC and pU for the 5 -nucleoside monophosphates, PPy has been used to do
inorganic pyrophosphate. Where a phosphate residuo is lubeled with #2P it has been (hxaigllﬂFE
with a *, e.g. *P, *pA or A*p; where the purine or pyrimidine is labeled with 1C it has E“:li
designated with a ®, e.g. ®Ap or p®A; when a particular nucleotide contains hoth #21 and #C t“:L
following symbol hus been used: *A*p. The iotact structuro of amimo acid-acceptor RNA Ahn?
been written RNA. . pCpCpA and the enzyme which reversibly pyrophosphorolyses the 1011“11?‘%1’
trinueleotide as RNA . . (pCpCpA) pyrophosphorylase. PDIS and PMEF have been used to designé”
phosphodiesterase and phosphomonoesterase, respectively.
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« The fragments produced in cach digestion were isolated and characterized wnd

(he ‘vmrresponding terminal nucleotide sequences existing in the intact acceptor RNA

ching were deduced

L pWpXpYpZtpCrpC

C*pC (Z=C)
XpYpGp (7=CW=0)
YpZ*pC'pC (X=0)
XpYpZ'pC pC (W= ()

C*p (Z=Py)
C*, /' (Z=Py.Y="Fy)
ZpCo (2= PuY=Py)
YpZ*pL*p (2= PuY= Pu X = Py)
¥ia. 2. Schemnatic ropresentation of the types of fragments produced by alkaline, pancreatie
[ Nase and T} RiNase digestion of terminaily lobeled aming acid-aceeptor RNA,

3. Detailed Experimental Procedure
() Materials

[2»11C}m'aci] and [2-8-¥CTadenine were purchased frow the California Corporation for
Jiochemical Research.,

WTP labeled with *1 in the ester phosphate (8x 107 ct</min/jonole) was prepared
enzymatically (Preiss et al., 1961) hom CM*P which was santhesized chemically according
1o Ivhuwi‘w (1959). Uniformly labeled [HC)CTP (958 > LOY ets/min /mml was alzo }m JEE nvd
erzymatically from the corresponding uniformly k iheded | CHOMEP ol Ml from the RNAof
Chromatinm grown on HCO, as sole earbon source (Of eneand, 1050). |\ AT (h o X 14!’
ets/min/pnole) was purchased from Schwarz Laboratories. A mixture of the 57-, 8% and 27
phosphates of 12-11Cribothymidine (') wwas made by chiemieal pliosphorytation. The v
was preparved enzymatically from [2-MClihvinine (purehased from the Radiochemical
Centre, Amersham, England) and unlabeled wiidine using o nueleoside phosphoryiase
preparation from . coli (Lagerkvist, impublished experiments). 5-Ribosyl uracil 2757
monophosphate (Up) was a gift and Sanethyl deoxyuridine 3"movophosphate (dTp)
was isolated by paper clectrophoresis from a spleen PDI digest of ealf thymus DNA
(Josse, Kaiser & Kornberg, 1961).

RNA. . (pCpCpA) pyrophosphorylase was prepared from Foeold as proviously deseribed
(Preiss ct al., 1961); the activity {(units) is expressed on the basiz of CMP incorporation.
The same preparations were used fur pyrophosphorolvsis and for the incorporation of
CMP and AMP. Pancreatic RNase was the erystalline preparation obtamed from
Worthington Biochemical Corporation and T, RNasc was isolated {rom takadiastase
{Tukahashi, 1961) and contained 1530 units/my of protein. Snake venom PDE free of
PME activity was Ixolated from the venom ol Crotalus adionantens according to Koerner
& Sinsheier (1957) and contained 1600 units/ml. (1 unit equals 1 anole of phospho-
diester bonds split per howr at 37°C i o DXNase-limit digest of DNA (Lehman, Bessinan,
Shams & Kornberg, 1958)). K. coli PMIE (Garen & Levinihal, 1960) was purchased {rom
Worthington Biochemical Corporation and contamed 2200 units/ml (1 unit equals 1
wwole Ty released from AMP/br at 37°C). RNase from Dacillus subtilis, veported to be
pecific for the cleavage of purine ribonueleoside phosphodiester linkages (Nishimura,
1960), was a gift.

Unlabeled amino acid-acceptor RNA was isolated from J. ¢oli by the method of
)f“ngand Dieckmann & Berg (1961). To facilitate the identification of the oligonucleotide

fagments produeed by T, RNase, the starting amino acid-acceptor RNA was labeled
¥ith [MClpurines and pyrimidines throughout the chains. The [MCJRNA was obtained
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from two K. coli mutants. One (W3362) requiring a pyrimidine and the other (W3687) 4
pwrine were grown separately in a glucose—salts medium supplemented with [2-MClaraej]
or [2-1ClJadenine, respectively. After maximal growth was reached {> 959, of the labeleq
purine or pyrimidine was incorporated into the cells), the cultures were pooled, the ecllg
were harvested, mixed with unlabeled cells of strains W3362 and W3687 and then the
acceptor RNA was isolated as described by Ofengand et al. (1961). The specifie C activity
of the isolated purine and pyrimidine nucleotides produced by atkaline hydrolysis wag
2-9 and 3-9 x 10° cts/min/pmole, respectively. RNA concentrations are oxpwssul in terms
of its mononucleotide content (Ofencand ef al., 1961).

(b)Y BMethods
(1) Preparation of RNA. *pC*pC.

(a) Pyrophosphorolysis of RNA..pCpCpA—the standard reaction mixhu‘o contained
per ml.: 50 pmoles of tris bufler, ptl 7-5, 6 pmoles of MgCl,, 10 [nn()h‘s of 2anercapio-
cthanol, 5 pmoles of KF, 5 pmoles of sodium pyrophosphate, pH 7-5, 0-2 ypmole of RNA and
2 units of RNA. . (pCpCpA) pymphosphorvlase The mixture (usually containing 10 to
30 pmoles of RNA) was incubated at 37°C for 2 hr and then the RNA was precipitated by
the addition of NaCl (to 1-5 m) and 2 vol. of ice-cold cthanol. After 1 hr at 3°C the pre-
cipitate was collecled by centrifugation, washed twice with a salt—cthanol mixture
(0-5 m-NaCl-67%, ethanol) and then extracted twice with 3 ml. portions of cold water. The
combined cximct-s were dialysed for 36 hr against 3 changes of 6 1. of 0-2 3-NaCl and then
for 36 hr against 2 to 3 changes of water. The recovery of RNA was approximately 85%,.

Pyrophosphorolysis of the terminal three nucleotides, which was performed twice, was
judged to be complete because: (1) the Ammmt of CMT added back to the pyrophosphorolysed
RNA preparations was cquivalent to 2 residues per average chain Jen; Jrh of 89 nucleotides
(range of 4 preparations = 83 to 95), and (2) the ratio of CMD to AMP mcorporation into
the pyrophosphorolysed RNA preparation was 195 to 2-15.

(b) Labeling of pyrophosphorolysed RNA with CM*P— the standard reaciion mixture
contained per ml.: 40 pmoles of either tris buffer pil 7-5 or potassiuum phosphate buffer,
P 7-6, 10 pmmoles of MgCl,, 10 pmoles of 2-mercapiocthanol, 0-4 pmole of pyrophosphoro-
lysed RNA, 0-04 pnole of CT*P (4x 107 cts/min/umole) and about 3 units of
RNA. . (pCpCpA) pyrophosphorylase. After 60 min at 37°C the reaction mixture was
heated at 100°C for 1-5 min, cooled and dialysed for 48 hr acainst 3 changes of 6 1. of
0-2 2r-NaCl and then for 24 hr against 2 changes of 6 1. of water to yemove unrcacted
CT¥P. After centrifugation to remove a small amount of insoluble material, the lubeled
RNA was used without further purification.

(ii) Degradation of RNA . *pC+pC

(a) Alkali—0-08 to 0-16 pmole of RNA. . *pC*pC (abont 50 upl) was adjusted to'
0-2 M-NaOFI, incubated at 87°C for 20 hr, and neutralized with 1 -1 A mixture of
unlabeled mononucleotides was added to the digest as markers in the subsequent eleetro-
phoretic analysis.

(by Pancreatic RNase—the reaction mixture {3-7 ml) contained 160 /mmh‘s of
potassium phosphate buffer, pld 7-1, 18 pmoles of RNAL  pCpCpaA (as carrier), 7 i /unolcs
of RNA..*pC*pC containing (xppm\lmaulv 5% 10% cts/min and 150 pg of [m“(‘u‘dtl(}
RNase. After 3 hr at 37°C an additional 150 g of RNase was added and the incubation
continuied for 11 hr more. By this time 5297 of the total *12 was sensitive to PMIE and this
did not change after further incubation.

(e) Tl RiNase--—the reaction mixture (7-5 ml.) contained 400 pmoles of {ris huffer,
pi 7-5, 20 prnoles of EDTA, 25 pimoles of [MCIRNAL . #pC*pC, and 100 units of T R Nuse.
Yncubdtlon was carvied out for 3 hr although the * I’ convertible to inorganic phos plm e by
Il coli PATE reached a imit after 1 br.

(ili) Separation of fragmerds produced in the different digests
osig 01
) or

(a) Alkali-——the neutralized allkaline digests were subjected to (‘1(‘(‘t1()})}1(71
Whatinan 3 M3 paper in 005 s-ammonium formate buffer, pt! 3-5, at 17 vjem for 2

S
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2 L (Mm'l(ham & Smith, 1952). Isach clectrophoresis strip was cut perpendicular fo the
Jire etion of migration in 1 cmn segments and the radioactivity of each segrent waas
de-mained diveetly in a windowless gas-flow ¢ funter or the papoer strips were cluted sith
wnrer or 001 -1 ICEH and the radionctivity of the eluates neasured. With the alkaline
<t of [MCIRNA L FpC*pC, the strips were counted 1'11(1('1' an almninum shield, which
Jpeinated > 90000 (»f the MO activity but only 7090 of the 22D dctivity. The *1* activity
é;,,‘(“uw(i within 4 mononucleotide regions (the ]v('r\'it 1ONs were <L crmined from the ulira-
ip-absorption of the mononucleotide markers) accounted for = 979, of the radioactivity
‘he electropherograms.
(b) Pancreatic RNase—the digest was dilufed to 10 ml with water and adsorbed on a
DEAT-cellulose column (23 0-8 cm®) (previously equdlibrated with 0-01 at-ammonium
bj;(.lbonato pH 8:6) and then the colurmm war washied with 0-01 ar-annmoniun bicarhonate,
pl] 8.6, This wash fluid contained less than 290 of the *P applicd to the colinn and was
ot further examined. The column was eluted first with a lincar gradient. of anunonium
hicarbonate concentration between 004 a3t and 0-1 ar, pH 86 (250 1ml, of cach solution),

ol then with a linear gradient. between 0-1 3 and 0-3 ar-amumoninm bicarbonate, pl 86
U( 1y ml. of cach solution), at a H()\\ rate of about 30 ml./hr. Fractions of about 5 ml. were
;’()He'fcl,od, the absorbancy at 250, 260 and 280 iy was determined and an aliguot of each
fraciion was dried and counted. '] he recovery of *12 vwas > 059 of the amount added
to the colummn.

The fractions mnaking up each radioactive peak were pooled, concentrated in vacuo to
about & ml., Iyophylized, and then kept 40 vacuo for 3 to 4 days at room temperature to
rernove the ammoniam bicarbonate; the dried samples were dissolved in about 04 ml.
of water.

(¢) Ty RNasc—the digest was adsorbed on a column of DEAT-cellulose (32 % 1-3 cm?)
prepared as described above. The cohmnwas eluted first with a linear gradient (0001 to 0-2 31)
of ammonium bicarbonate, pll §-6 (300 ml of cach solution), then with a sccond linear
gradient (02 to (-4 »1, 500 nl. of cach solution) and then with a third lincav eradient
Ul4 to I am-arnmonium bicarbonate, pil 8-6, 200 1nl of cach =olution). Approximately 7nl.
fractions were collected and aliquots {rom cach fraction were dried and counted with and
without an aluminum shicld to measnre the MC- and *Poradioactivity. The fractions
making up ecach *P-containing peak were pooled, concentraied, dried and dissolved in
water as deseribed above. The recovery of *P in the muajor peaks was 879,

Tach pooled fraction was subjected to paper eleetrophoresis at pll 3-5 and the position
of *P-labeled components was determined as deseribed above. Fach #P-labeled component
fmost of the peaks obtained from the DAL chmnmtu“hl]»h\ contained more than one
Idabeled component) was eluted from the paper strips, concentrated and chromato-
graphed using solvent b (see below). In all eases the paper ehromatogram showed a single
*P-containing peak accounting for between 80 to 1009 of the radioactivity on the
chromatogram. The strips containing cach labeled fragment were cluted with water, the
eluates were concentrated to a small volume, and this solution was used for the sequence
determinations,

vio
on

(v) General methods used to identify mono-, di-, and oligonucleotides

{a) Paper clectrophoresis was performed as already deseribed. Since authentic smnples
of certain di- and trinucleotides were not available the expected mobilities were caleulated
as deseribed by Markham & Smith (1952).

(b) Ultraviolet absorption measurciments were made in G-:01 2-HCL or 0-01 - XKOW with
a Zeiss spectrophotometer. Where the ratio of absorbaney at 280 to 260 myp for a given
compound wag not available froin the literature it was ealculated from the known
absorbancies of the constituent muononucleotides (Beaven, Holiday & Johnson, 1935). In
afew cases the absavb: ey values were determined on eluates from paper strips; when this
Was done an cluate from a blank strip subjected to eleetrophoresis was used in the reference
tavette,

{e) Descending paper chromatography was performed at roomn temperature with
Whatman 3 \T’\I or Whatman no. 1 paper with the following solvents: a, isopropanocl-
Water-ammonia, (85 : 156 : 1:8  ~v/v); b, isobutyrate-0-5 i-amuvnonia (10 : 6 v/v);
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¢, isopropanol-acetic acid-water (60 : 30 : 10 v/v); d, isopropanol-n-butanol-12 ~-H(l-
water (114: 56 : 41 : 39 v/v). When a mixture of mononucleotides and nucleosides wag
to be separated, two-dimensional chromatography was used. Solvent b, which was used
first, resolved all the mononucleotides except Cp and Up and all the nucleosides excopt
G and U. The regions corresponding to these pairs were then chromatographed in the
socond divection using solvent a. In all cases autheniic samples of the nucleotides and
mucleosides were added as reference markers and visualized with aw.v. lamp. The position
of the labeled compounds was determined by cutiing the chromatograms into strips as
already described.

(d) Enzymic degradations of & number of the isolated fragments were performed to
determine the composition and sequence of nucleotides. The enzymic procedures are
summarized below:

Snake venom PDE—samples in 75 pl. containing 0-1 m-glycine buffer, pH 9-2, and
0-1 »-MgCl, were incubated with 16 units of PDE at 37°C for 45 to 60 min.

. coli PME-—samples in 50 pl. containing 0-05 a-tris buffer, pIT 8:6, and 20 units of
PMI were incubated at 37°C for 15 min.

B. subtilis RNase—samples in 50 pl. containing 0-02 M-tris buffer, pH 7-5, and 25 pg of
RNase were incubated at 37°C for 30 min.

Pancreatic RNuse—samples in 30 pl. containing 0-1 a-phosphate buffer, pIl 70, were
incubated with 5 pg of RNase at 37°C for 30 to 45 min.

T'; RNase—samples in about 30 ul. containing 0-02 ar-tris buffer, pIL 7-5, were incubated
with 8 units of RNase at 37°C for 120 min.

4. Results

(a) Nature of the nucleotide occurring next to the CpCpd terminal sequence in aming
acid-acceptor RN A chains

Alkaline hydrolysis of RNA. . *pC*pC yiclds a mixture of all four mononucleotides

labeled with *P (Fig. 3). 509, of the *P should occur in C*p and the remaining *P

A e e e

Fre. 3. Paper clectrophorctic analysis of *P-labeled products produced by alkaline digestion
of RNA. . *pC*pC.

should be distributed amongst the nucleotides which occur next to the ’:‘pC*PC
sequence (see Fig. 2). The results obtained with four preparations of RNA.. *pC‘*PG
show that close to 509 of the *P js recovered as C*p and {he remainder as A*p, 6P
and Usp (Table 1). The amonnt of *1in C#p,in excess of 50%, of the total, is o measure
of the frequency of Cp as the fourth nucleotide. Since the value for C*p is s0 cloge 10
509, of the total *P, little or no (p occurs as the fourth nucleotide in acceptor RNA
chains.
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TanLe |

Relative distribution of nucleotides in the fourth position of

aming acid-uccepdor RN A chains

BNA chains

Distribution having mdicated
Nucleotide of *P nucheotide i fourth
(9%) position

(o)
Crp 49:04-1-0 <D
A 344+ 20 6o
G*p 122420 24
Urp 36407 7

(o) Identification of the fragments produced by pancreatic RNase digestion of
RN A FpCFpd
Tigure 4 shows the vesults of the chromatography of the panereatic RNase digest on
DEAE-celluloze. The identification of the products of the digestion was made from the

S P
r Linear gradient

Géfa— - = 0:01 to 0114

Fra 4, Chromatographie separation of fragments produced by pancreatic RWiNase digestion of
RNAL #pCpC on DEAT-celluloso.

<:111‘0mat0grle»hic and electrophoretic behavior, the abzorption spectra (these are
summarized in Table 2) and from the products produced by chemical and enzymic
degradation of the fragments as described below.

) rTHp (999 of peals 1) was identified on the basis of its eleetrophoretic mobility, and
s chromatographic behavior on the DAL eolumn and on paper with 3 solvents. Tt was
tluted from DIMAE just before the C*p pealk, which agrees with the relative positions of
dpT ang dpC found by Lehman (1960) with the same chromatographic system, The 2I'#p
“an be distinguished from analogues of Cp (possibly 5-methyl Cp) by its charge at pIT 3-5;
Htl this pH »T*p migrated coincident with Up as did anthentic vIp and dT'p. Consistent
¥ith the designation as a mononuclootide was its resistance to alkaline digestion and the
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essentially complete removal of the * by PME. Although there was some ultraviolet.
absorbing material cluted from the column with the »I#*p, this material swas separated on
paper electrophoresis. The amount of ¥ p and U*p formed were about equal, vot there
was considerable ultraviolet-absorbing material in the latter component. This inay b
explained by recognizing that the pealk containing U*p (originating from the fourth
nucleotide position of certain chains) also contains Up (from internal Up resicdues linkeg

TAprLe 2

Ultraviolet absorption spectra, chromatographic and electrophoretic beliacior of labeled
Sragments produced by pancreatic RNase digestion of RN A ¥ pCH pd!

Absorbanee ratio§

Peak from which Eleetrophoretic mobility (280 1y 260 )
Fragment fragment was isolated relative to Upt R -
pii 2 pil 12
r'L*p| 1 1-0 —
(>109%)
CH o 020 107 0-04
(=98%) (0-16..0-40) (2-0) (0-93)
Ukptt 3 1-0 035 (30
(9900 (0-32) (0-28)
XFpCrpiz 1 0-80 - —
(9790)
A*pCHp b 0-45 0-7% 045
(9894) (0-43-0-50) (0-75) (0-41)
ApU*p b 1-1 -
(1-690) (1-0)
G*pC*p 6 0-72 1-05 0-75
(9590) (0-78) (1-10) (0-73)
ApA*pCHp 7 0-58 0-53 0-39
(95°) (0-54) (0-52) (0-56)
GpA*pC*p 3 0-75 0-73 0-52
+ (949) (0-78) (0-75) (0-48)
ApG*pC*p

t The wvalues in parentheses represent the amount of the component shown within the
designated peak. .

i The conditions for the electrophoresis aro described in the Methods section. The vilues 1
parenthescs represent previously reported or ealeulated values according to Markhain & Smith
(1952). .

§ The values in parentheses are taken from the literature. Those shown for the Jn(»1;4)11111}]1)(;11(}65
are from Beaven ef al. (1955), those for the dinucleotides and ApApCp ave from Michelson (Wf’g)
and the value for the mixture of GpApCp and ApGpCp was ealeulated [rom the extinetion
coefficients given for the individual mononucleotides (Beaven et al., 10355). .

I rT*p chromatographed identically with authentic rf'p in solvents b, ¢ and d and mtﬁ
authentic Up but ahead of $Up in solvent a. The vI*p migrated coincident with p, ahwad
#Up and behind dTp in solvent h. .

9 C*p migrated coincident with authentic Cp on paper clectrophoresis and with solvents & v
and c.

1 U*p migrated coincident with authentic Up on paper clectrophoresis and with solvents &
b and e.

11 X5pCrp chromatograpbed ahead of YUp in solvent b and behind fTUp in solvents ¢ and .
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wweimidine). rTp, on the other hand, occurs with o frogquency of shont o resicdhe
p ehain (Dunn, St & Spahie, 1960} aned of these saioe iy ocenr internally vexi 1o
. L oranore purme residues thereby vickting (Poy,prTp frcancnts bt not frec o1 The
cnt of vTp ocewrring as the fonrth nuclearide iy approsinately 200 of the toial Ty

to O

denes, '
sy CFp (A804 ot peale 2y and UFp (989, of peale 3) condd ot be distinguished from their

o heniiec untabeled counterparts by spectral, clectrophoretio cr chiremmatopraphic eriicria,

[renbation with alkali did pot affect their hoelhiavior and with cach compound = 937, of
(he ®Pwas 1'(‘10;1\*(‘(1 by PMEL

{iiy XFpCFp (979 of peak 4) 1s oo mixture of two labeled framoent= Alladine hivdvolvsis
v fwl C*poand two labeled component= "N*p and "N¥p ('NFp/"N*p = 1-0 and "X
s iU = 1013). ‘NFpoand “NAp had mobilities relative 1o Up of 054 and 0-84,
PP (,[,‘\'dy, in golvent b; they separated only slichily firorn each other in paper electro-
heresis but both migrated ahead of Up. Digestion with T'ME yvielded two labeled

I I . S L .
Sacmonts (XFpCHFD = 108). There was 1o significant amount of ulfraviolet-absorhimge

material associated with pealk 4. This would be expected i X#pC* ) contains ove or more
of the “unusual” purines kuown to oceur in aceeptor RNA in amounts of less than 1 residue
per ehain (lmmx el al., 1960).

(iv) AFpCHrp (989, of peak 5) yvieldoed equal amounts of A*p and (9 oafter alkaline or
epleen PDIE hydrolysis (AFp/C*Fp = 0-05 and 0-97, respectively). Treatment with PALE
followed by alkaline hydrolysis produecd A%p and *1 (A% 5D 2 0-05).

{(vy ApU#p (approximately 29, of peak 5) was deduced solely on the finding that about

ool the total *P migrated as ApUp and after alkaline hydrolesiz vielded only U#p.

17r(()\m its chromatographic behavior on DEAR U= undikely ihat the fraginent is (,pl por
a trinacleotide termninated by Up. Insafficicnt material was available to make adequate
speetral measurements oy to determine if the framuent was AprE*p or Apdli*p.

(el GHpCFp (859, of peak 6) yielded egnal amount= of U¥p and C¥p after alkaline or
spleen PDE hydrolysis (GHp/C¥Fp = 0-99 and 0-94, vespectively). Treatment with PME
followed by alkaline hydeolysis produced G#Fp and *1 (GFp /=0 = 1-01).

(vit) ApAFpCHp (459 of peale T) yiclded equal sanounts of A¥p and CFp after alkaline
hvdrolysis (A 1»'( *po== 0-93). Treatment with PAME followed by alkaline hyvdrolyszis gave
Afpand *P (/R = 0-97). The above structure T consldered most likely based on the
unonmmgx(\plno, clectrophoretic and spectral propertios and the products produced by
alkaline and enzymic hydrolvsis. KExehiding a tetranucleotide (heeause of its hehavior on
Il_:\\E) the ondy alternative trinucleotide consistent with the speciticity of pancreatic

BNage is GpA*pCHp and thi< was identified 23 a component of peak &,

(viil) GpA*pCHp and ApGHpCHFp (919 of peak 8) were not resalved by paper cleetro-
phoresis at pil 3-6. Alkaline hydrolys=is Jliberated A%p, (¥ and (“""1» (AFp/Grp = 0-04,

AFp 4+ GFp/Crp = 1-01). Digestion with I} RNase )'ivhhxd ApGEp, A*pCHp and CHp
«('*p’\*p(J*p = 1-15, C*p/Ap(Hp = 0-02, A p(é*p" AFpFp == 1 l“s) The amount of cach
labeled trinucleotide is obtained frowm t lw atio of ApCHp to A*pCHp (T, RNase) and G*p
to A¥p (alkali).

w) Relative frequency and {ypes of acceplor RN A chains deduced from the products of
pancreatic RNase digestion

Based on the amount and strueture of the fragments produced by pancreatic
ENase digestion of RNA . *pCipC and the reported gpecifieity of pancreatic RNase
[see Schmidt, 1955), the relative fre squency of certain elasses of acceptor RN chains
may be deduced (Table 3). Comparing the datain Tables 1 and 3 we can see that of the
chaing having A in the fourth nucleotide, (699,), approximately 049, of them are
followed by a pyrimidine in the $8th position, and in only about 69, of them is
Afollowed by a purine and then a pyrimidine. Similarly, G in the fonrth position is
Bllowed predominantly by a pyv nnmhno and only infre qucnﬂ\ by a purine. Towever,
shee we have accounted for onty 83%, of the chains containing G in the fourth
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nucleotide there may yet be some fragments in which G is next to a ran of Purines
(one such sequence, ..pGpApGpCpCpA, is suggested from the products of tpe
T, RNase digest).
TABLE 3
Terminal nucleotide sequence of acceptor RN A deduced from the fragments
produced by pancreatic RNase digestion of RN . *pC*pC

RNA chains having

Nuecleotide fragments Type of RNA chain from nucleotide sequenco
isolated from digest which fragients derived? shown
%)
1. A*pCHp . pPypApCpCpA 65-1
2. ApA*pCxp L PPYpApApCpCpA 11
3. GpA*pC*p . pPypGpApCpCpA 31
4. G*pC*p .. pPypGpCpCpA 171
5. ApG*pCHp .. pPypApGpCpCpA 36
G. X*pC*pi .. pPypXpCpCpA 2-8
7. U*p ..pPypUpCpCpA 2-6
3. ApU*p L pPypApTpCpCpa 1-4
9. rT*p L. pPyprTpCpCpA 1-9
10. C*p§ L pPypCpCpAs 74§

+ The typo of RNA chain from which each [ragment is derived is inferred from the specificity of
pancreatic I3Nase and from tho fact that thoe terminal nucleotide contains A.

P XFpCHp s a mixture of at least 2 types of fragments (see Table 2).

§ C*p arises from those RNA chains which contain a pyrimidine in the fourth position. Thus,
the chains giving rise to U*p, rT*p and ApU*p account for 809, of those to be anticipated from
the recovery of C*p.

The amount of C*p recovered in the pancreatic RNase digest should equal the
frequency of pyrimidines in the fourth position, i.c. the sum of the frequencies
of U*p, rT*p, and di-, tri- and oligonucieotides terminated with a PPy*p. There is
good agreement between the amount of C*p (7-49,) and the amount of Up in the
fourth position (7%,) determined by alkaline hydrolysis (Table 1), but the sum of
U*p, ApUfp and rT*D account for only about 809 of the fragments of this type;
possibly the remainder occurs as larger fragments not recovered from the column.

Tt is clear from the above results that beeause of the high proportion of pyrimidines
in the fifth position, RNase digestion of RNA. #pC*pC is of relatively limited value
for obtaining the nucleotide sequence of wore than one or two vesidues adjacent to
the pCpCpA end. Considerably more information is obtained from an analysis of the
products of the T; RNase digestion, and this is discussed in the next section.

(d) Products of the 1T, RNase digestion of BNA. #pCHpC

Chromatography of the Ty RNase digest of RNA. . *pCHpC on DEAE-cellulose yields
12 peaks containing *P (Fig. 5); peaks 3 to 12 cach contained more than one component-
To facilitate the determination of the composition and sequence of nucleotides in cach
fragment, the RNA..*pC*pC contained BC in cach of the bases except the b0
terminal cytidylate residues. The unshaded profile, which represents fragments
derived from internal positions of the RNA chains, is interchangeable with the optical
density.
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sofore presenting the analytical data for the different fragments it ix important {o
“urﬂin(\ the approachies used, together with some of the nuneertainties which exist.
T, RNase digestion of RNAL *pCFpC produces several different types of #P-libeled
ragments (see Fig. 2) Phe fiest type is terminated by G¥p and avises from all chaing
in which the nucleotide next to the (¥p(! end containg G, The length of these
fragments is determined by the spacing hetween this G and the next ¢ residue in the
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Fre. 5. Chromatographic sepavation of fragments produced by

T, RNaso digestion of
RNA. . *pC*pC on DEAL-cellulose.

chain. All chaing which contain G in the fourth position also give rise to a common
fragment, C*pC; the amount of C*pC formed is, therelore, an independent measure of
& » 1 E » 3 ]
the number of chains with G in the fourth nncleotide. The other type of Iabeled
fragment is terminated by . *pC*pC and is produced from all chains having A or U
& P, 3]
in the fourth nueleotide; the length of these fragments is a measure of the position of
the first G in the chain.
A schematic illustration of the approach used in analvsine fragments of the types
. b Lend o I
mentioned above is swnmavized i Fig. 6.

(1) Fragments terminated by *pC*pC' (Fiy. 6{u))

{a) The *P-containing produets produced by alkaline digestion (i) define the nature
of the nucleotide adjacent to the C*pCunit (i.e. the fourth nucleotide of the chain from
which the oligonucleotide is derived).

(b) Alkaline, followed by PMIE digestion (i), vields inorganic phosphate and a
mixture of [MClnucleosides; the types and the proportion of nucleosides give the
tomposition of the fragment.

{¢) Degradation of the fragment with venom PDI (iii) viclds a mixture of 5-mono-

mucleotides and a nucleaside corresponding to the 5-hydroxy terminal nucleotide of
the fragment.
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(d) Pancrcatic RNase digestion (iv) serves to split the relatively long fragment intg
shorter ones. With the fragment shown in Fig. 6(a) a *P-containing ApCp fragment
(®A*pC*p) and ApCp with no *P (®Ap@Cp) are produced ; the analysis of this mixture

of dinucleotides serves to confirm the sequence deduced by the other methods.

(@) *Bc‘p(} ended fragmerts

alkahi

Ap*Cp CpCPapCHC — - "Ap+ A+ 3T p+ Cp (D)

> 3%+ A+ Z'p Q1)

verom PGE

— = 2°pC + ph 4 3PP A (i)

pencrectic RNase

e SWPCYp AP + 2°Cp ()
S|

akeh

prie

LA+ 2 )
(b) G*p-ended fragments
'AP‘G‘&,’) _aksli - .AP+.G‘P (i)
LI—JMia» *APG+*a (i
poncreatic

Rilase " alkali

‘Ap G Gii)

no degredation
(iv)
¥Fra. 6. General plan for nucleotide composition sequence analysis of: (a)..*pC*pC and (b)
G*p-ended fragments produced by T RNasoe digestion of RNA.  *pC*pC.

(il) Fragments terminated by G*p (Fiy. 6(D))
(a) The finding of G*p after alkaline digestion (i) defines this type of fragment a3
one which originates from a chain having G adjacent to the CpC end.
(1) Turther proof that it is a G*p-ended fragment comes from the liberation of oG
“after PME action (i), followed by alkaline digestion (iii). In the example shown it
Fig. 6(b) the ratio ®Ap/®G and the lack of any other Iabeled nucleotides define the
composition and the length of the fragment.
(¢) The failure to observe degradation with pancreatic RNase (iv) climinates the
existence of a pyrimidine in the fragment and further supports the conclusion that the
Ap is linked to the Gp.

(1) Uneertainties tn characterization of fragmicnts

One of the difficulties encountered in determining the nucleotide sequences of the
isolated fragments was contamination of the *P-labeled fragments (which also
contain M) with fragments containing only MC. To appreciate this problem congsider
first a fragment of the type shown in Fig. 6(a); this type does not avise from any portiol
of the RN A chains except from the labeled end. Therefore the concentration of thﬁe
in the digest is small (1 per chain) but they are identifiable by theie *I conten®
Sinco the specific activity of the *P is approximately 10 times higher than the %’Jb
gpecific activity of cach nucleotide, a fragment of the type shown in Fig. 6(a) contails
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Hv!,;pr()xin'latcly 4 times more *P than MC. The shorter the fragment the greater the
scio ¥/ Therefore contamination of such a fragment with another fragment
containing only HCis extremely difficult to detect during the fzolation and purification
procedure. The consequences of such contamination heeome apparvent in analy=ing
;L}&,,. composition and sequence of the nucleotides in the fragment. or example, after
h HFpC-ended fragment (Iig. 6(a), 1) to its constituent mononucleotides
and removal of the phosphate groups, contamination by, for example, @Up®Gyp
would yield U and ®G which do not occur in the *P-labeled fragment.

avage of the

fragments terminated by Gp present a gsomewhat different situation. Such frag-
wents comprise by far the predominant tyvpe since they arise from any region of the
RNA chains; thus the fragment ®Ap®Gp may occur many times throughout all the
chains and these of course will be Isolated along with the ® Ap®GH

‘p fragment linked to
the CpC end. In this caze, depending upon the amount of ®Ap@QGp produced, the 1¥C
content may be many times higher than the *P level While the *P/PC ratio is a
eritevion of purity during the isolation of the fragment, somewhat different
uncertainties avise.

The first of these is the determination of the lengih of the fragiment. Consider the
fragment @Ap®GFp which, for example, may be mixed with ®Ap@Gp in the ratio of 1 to
10. Whereas the amount of *P in a fragment terminated with *pC#pCis a measare of
the amount of the fragment, the amount of *P in the G*p-cnded fragment is not; in
this example there is 10 times more of the fragment than is indicated by the *P.
However, since G is the only base which cannot oceur more than once in such
fragments, removal of the terminal phosphate permits the use of @G to establish the
quantitative relationships with the other nucleotides in the fragment.

The second uncertainty stems from a possible fajlure 1o separate completely two
different fragments cach terminated with Gp. Consider, for exuniple, @ mixture of
20 parts PCpPAPBCY and 1 part 2CP2CPOCPREFp. After removal of the terminal
phosphate, such a mixtuve would yield on alkaline hyvdrolysi=, @Cp 2 Ap and @G iu {he
approximate ratio of T:0-87 : 0-01. 1t Is quite clear that in this instance it would he
crroncous to conclude that the sequence CpApGy oceurs next to the lbeled CpCend
group.

(¢} Identification of the fragments produced by T'; RNvwse digestion of RN AL FpCpd
Table 4 sunimarizes the electrophoretic and chromatographic propertics of the

“labeled fragments isolated from the digest. The procedures and the data upon
which the identification of these framments is based are as follows in Table 4 overleal:
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TaprLe 4

Electrophoretic and chromatographic behavior of *P-labeled fragments
produced by I, ENuse digestion of RNA. . *pCHpC

Chromatographie

1op Peale of Electrophoretic I
fragiment origin mobility? mobility in
solvent b
(cm) (migration relative
to Cp)
1. C*pC 1 0 —
2. CAFPCHRC 3 1-2 1-1 —-1-2
3. *Cp* A pCHpC 4 5--0 0-95-1-0
4. eCpeU*pCrpC 5 10-11 0-60-0-70
3. CUp*A*pCHpC 5 1314 0-70--0-80
6. 2Cpelp e UHpCrpl ] 4-10 0-35-0-45
7. eCpeCpA*rpC*pC 6 7 0-70-0-80
8. *AP*GFp 7 526 0-70-0-80
9. CCp(*UpsCipe AXpCHpCt 8 1615 0-50-0-60
10, *Cp(*Up*CpeC)p? A*pCHpCt 9 15-16 0-35--0-45
11 *ApeCpeUpeCpo A¥pCHpl 9 11-12 0-70-0-80
12 *Up(eCpeCp*U)peGHpt 11 32 0-15-0-20

t The electrophoretic mobilities are not necessarily the true mobilitics of the fragiment shown,
sinco they were measured with tho fractions recovered from the DEAN colunm which contained
variable amounts of residual ammonbuom bicarbonate. They are useful, however, in showing the
separation and relative mobilities of those fragments which were eluted from the DEA column
in the same pealk.

{ Tho nucleotide orders within the parentheses are arbitravy and have not yet been experi-
mentally determined.

(1) C*pC on alkaline hydrolysis yiclded C*p (1009 of the total *P) and a small amount
of *C (*C/C*p = 0:06). Treatment with venom PDE gave *pC (1009 of total *P) and
*C/FpC = 0-11. '

(2) *A*pCHpC on alkaline hydrolysis gave A*p/C*p = 0-98. Allkaline hiydrolysis followed
by PMBE digestion produccd °A/*P = 0-66. Digestion with 3. suliilis RNase vielded
A*p/CHpC = 077 and treatment with venom PDIE gave *A/*pC = 0-52.

{3) *Cp*A*pCHpC after hydrolysis with alkali gave A¥p/C*p = 0-98 and sequential
degradation with alkali and PMI3 gave *A/¥DP = 0-41 and *C/*D == 0-49. Treatment with
pancreatic RNase yiclded *Cp/A*pCH*p = 0-92 and a traco of *C (°CjA*pCHp = 0:07).
Degradation with venom PDE gave *C/¥pC = 0-4) and p®A/*pC = 0-47.

(4) *Cp*U*pC*pC on alkaline hydrolysis yielded U#p/C¥p = 1-05. Tollowing alkaline
digestion, treatment with PME gave °C/*P = 1-05, *U/*P = 0-68. Because the values of
*CHP and *U/*P were higher than expected for the structure shown, the fragment was
rechromatographed in solvent b. Treatmeunt of the recovered material with pancroam?
RXNase yielded U¥p/C¥p = 1-0; Up and Cp isolated from this digest treated with PME
gave *U/*P = 0-90 and *C/*P = 1-08.

(5) *Up*A*pCHpC when hydrolysed with alkali produced A#*p/Cip = 0:95. Alkalin®
hydrolysis folowed by PME digestion gave ®A/*D = 0-58, ¢U/*P = 0-33, and *C/*P = 0-19.
Treatiment with pancreatic RNase gave *Up/A*pCH*p = 0-92 and °C/A*pCHp = 0-006.

(6) °Cp*Cp°U*pC*pC upon alkaline hydeolysis gave Utp/CFp == 0-90 and xu{ummﬂl
alkaline and PME hy drolysis yielded *U/*1” = 0-53,*C/*P = 1-3. Pancreatic R Nase digestiol
produced U*p/C*p = 1-1; Up and Cp isolated from RNase digest and treated with PME
produced *U/*P = 1-2, *C/*P = 25, °C/*U = 2-1. |

(1) *Cp*Cp*A*pC*pC produced on alkaline hydrolysis A*p;CFp = 0-02 and I’:\Ih‘
treatinent of the alkaline digest gave ®A/*P = 0-48, ,°C/*P = 1-17. Pancreatic Rivase
digestion yielded °Cp/A¥pCHp = 2.0,
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(8) eAp°GHp on hydrolysi= cave G*p (=950, of the total "*'I’), *AD, ’(pr 117,
,’ wtion with PMED yielded ®ApeG which on allelion hvdrolvsis siclded ®ADJ0 2 0085,
jv agient was unchanged after }‘!n(u(lll(t RNa=e treatinent.
Gy *Cp(tUp e Uip e AFpOCHpU on hydroly=ix with allsali produeed AFpi ) == 1.0. P
amtion following alkaline hyd m)l\m,\]nmlu(wi A = S, U D =2 (04, SO = 10T
‘(:l‘-\i e(i/¥P’= 0-08. Digestion with venor PDE pave C/FpCa 049, poU A pC = 0257,
'\'*}"(""’ 0-55 and  pCipHC =2 -85, Divestion with puncreatic R Nase  produced

AT pUFp = 2.4 and 'l"p'&"p(f*p = 0-02

{10 *Cp(CUP*CpoOip A pCHpC on allaline hvdrolysis vielded AFp AT, = 0-97. Alkaline
hydroly sis followed by PME gave ®A/FP = 046, oU %P = 0-46 °(‘, L2 e 1253 Pancreatic
RXuse digestion produeed *Cp/. AFpCFp = 340, "L'p/»\* 1y - 1400 Digestion with venom
PLE }1( Jded ¢CHFpU - 062, DU APC — 074, pPA/Fpl == 0003 and poC FpC o= 1-0.

/1]) AP CpeCpeCpeAFpCHpl after alkaline }1\(11()1\ sisgave AFp/Crp = 0

erriential bhydrolysis with allkadi and DM pave ®*AFD = 11, ®C/*] = 1:3 and *G/*)P =
(Jm Pancreatic RNase digestion gave '( g \*J)(‘ p o= 2:04; the isolated wixture of
sapCp and ® AFpCHp Jﬁ(" hydrolysis with alkalt and PAME produced *A/*DP = 0-09,
AP = (052, ® ‘1/“(' = 1:90. Treatment with venom PDE gave ®A/FpC = 006, p*a/ *pC =
0,(;‘.;, })’C/*pc =

12y °Tp(*Cp°CpU)peG*p alter alkaline hydrolysis gave GFp (=959, of the total
+p). Treatment of the fragment with PMIS removed the *P (> 08590) producing
sUp(eCpeCp*U)poGi. Exposure of the dephosphorvlated fragiment to venom DI gave
peG/oU = 0:83, peC/°U = 204 aund p*l/*U = 1-0.

The

s
)

i

Tu most cases the results of the chemical and enzymie degradation of the fraginents
agree reasonably well with the predicted values for the sequences shown, With
fragment 9 digestion with venow I'DI gave a somewhat higﬁllm' ratio p#C/*pC than
is iu'(fdictcd (0-8) from the postulated structure and this was also cevident in the
glevated ratio of ®@Cp/A*pC¥p after pancreatic RNuase digestion, It i unlikely that
fragment 9 has an additional @Cp residue i the chain since this would make it

syuivalent to fragment 10, the composition of which is more firmly established.

None of the derivatives of Up has been found in the frazments so far identified.
Inevery case where Up occurred, it could he distinguished from fUp or T'p Ly
comparing the isolated labeled nueleoside, ® U with authentic (/l and i the two-
dimensional chromatographic svstem (solvent b followed by solvent a). No attempt
was made in these analyses to deteet the known analogues of the purines (Dunn ef al.,
1260) in the isolated fragments.

) Relative frequency and types of wcceptor RN A chains deduced from the products of
4, KNase digestion

Table 5 shows the different types and relative proportions of aceeptor RNA chains,
which correspond to the structure of the identified fragments, Implicit in these
designations is the assumption that each fragment resulted from cleavages between
guanosine-3’-phosphate and the 5 -hydroxyl group of the adjacent nucleotide (Sato-
Asano, 1950).

Approximatdy 809, of the acceptor RNA chsins in the mixed population can be
woeounted for by the sequences shown. Assuming that the {requency of cach of the
classes of RNA chains is the same in the RNA preparations isolated from 22, colt B and
bom B, coli strains W3362 and W36871 T we may compare the information obtained
fom the pancreatic and T, RNase digestions. Of the acceptor RNA chains having A
i The pancroatic R Nass digestion and analysis was carried out with RNA L *pC*pC originalls

#lated fromn 1. coli B while the RNA used to prepare tho RNAL . *pCHpC for T IR Nase digestion
s isolated from F. coli strain W.
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in the fourth position, (69%),>90° of these can be aceounted for by the sequencey
shown. Morcover, as suggested by the products of the puncreatic RNage (1igcs1ion,
all but one of these (sequence 2) are characterized by having a pyvimidine in the fifth
mcleotide. Of the RNA chains corresponding to fragment 2 some may have a pyrimi.
dine following the G in the fifth position; these would correspond to the chains giving
rise to fragment 3 recovered from the pancreatic RNase digest (Table 3). Although the
sequence .. PypApApCpCpA can be inferred from the existence of A PAFPCHp in the
pancreatic RNase digest, no corresponding fragment, ic. . . PypAFpCaipd, has veb

Tapre b

Terminal nucleotide sequences of acceplor RN A deduced from the [raginents produced by
T, RNase digestion of RN A .. *pC*pC

RNA chains baving

Nucleotide fragments Type of RNA chain from nucleotide sequence
isolated from digest which fragment derived shown
(%)
1. CpC L ApCpCpAy 24
2, ApCpC LGpApCpCpA S
3. CpApCpC L GpUpApCpepA 25
4. CplpCpC L GpCpUpCplpaA G
3. o UpApCpC L OpUpApCpUpA 3
6 CpCpUpCho L GpCpCpUnCpCpA 2
7. CpUpApCpC L GpCpUpApCppA +
S, ApGp L GpApUPCPCPA 4
Q. Cp(UpCpApCpC: S GUpCpUpC)pApCplpa 8
10, Cp(UpCpOpAptpCy S GpCp(UpCpCipApCplpA 7
11. ApCpCpCpApCpC L GpAPCpCHCPpAPCPCpA 9
12 Up(CpCpUypQp S GpUp(CplpUpGpUplp A 5

i This class of RNA ¢hains includes all chains having Gp as the fourth nucleotide, Less than
Latf of these is accounted for by the sum of fragments § and 12,

2 The mucleotide orders within the parentheses are arbitrary and have not yet heen experi-
mientally determined.

r

been found in the T; RNase digest. Of the RNA ¢hains having U in the foarth position
afmost all have been accounted for, althongh fragments derived from chains with T iv
the fourth nucleotide or thosc with the terminal sequence . ApUpCpCpA have not
vet been found. There is good agreement between the amonnt of CpC pmdu('vd in the
T, Riase digest with the amount of RN A chains having G in the founeth nucleotide (sec
Table 1), However, ondy about 35 to 40°) of the predicted amonnt of (ip—cn(lod
fraganents have heen aceounted for thus far; one of these has a pyrimidine in the fifth
nucleotide and the other has A in the 4fth position.

5. Discussion

w o . . . . - v . . . « Trom
The specificity of cach winiuo acidaacceptor RNA chain very likely results frob
aifferences inthe nucleotide sequenice within cach chain, One may ask if the differenct
3 3 Y " . . . o a1t
in nucleotide sequence ave confined to a particular scoment of cach chain orif they at

.

) ) N ) . s oy s riking
distributed thronghont the chain. The present study shows that there are striking

1 . . . . . Jostade.
(1111‘(‘]'(511(’(‘51 mihe n”("‘l(’()ll]d(‘ »\“,‘(SU(‘H(JCS (\(Uﬁ(‘(\fnt to t}](‘, Comimon 1“!'”!”‘){\1 trinue I‘ ‘/tld

I
. . R arciv
cion s already appart

S pCpUp AL The heterogencity of nueleotide sequences in this r |
. . . N . R . .. , e Qe
in the fourth nucleotide in tie chain, i.c. the nucleotide ndjacent (o the pCpCpd

‘
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s _Ads the predominant representative in this poxition: Gand sialler amounts of
‘.l 1 r'Ialso ocowr but Cis not found in the fourth position 1o a slenilicant extent.
oAU was detecte «next to the pCpCpA end group, althongh two upidentificd nucleo.
{ihes, vy likely purines, appear in the fouwrth position of about 37 of the RNA
ol ins. Canellaki= & Herbert (1961). using rat liver-aceeptor RNA, have n'pwr'iw(l
T the nucleotide adjacent to the pCpCp\ end gronp s almost exclusively A

e frequency of the different nueleotides in the forrth position deviates s ;,rmﬁv:m.ﬂ)
irons that pree dicted from the overall base composition of the acee plor BN (Ofeneand
o4l 1061). For example, since G and C oceur to the greatest extent and in almost
;\qm\ anmounts they might, on a madom buasis, be expected (o oecur with equal
[reGueney the fourth position. Simil ‘11‘]\‘, A should have oceurred less often than
o O and close to the frequeney of UL Morcover, in the pupuhtmn of acceptor IINA
chains the ratio of purines to p)nmldmm is very nearly I (Olengand of ol 1661
Dunn et al, 1960) yet the ratio of the frequencies of purine to pyrimidine in the
{ourth position is nearly 10. One would also predict, on the basis of random sequences,
¢ find almost equal amounts of .. PupApCpCpA and PyvpApCpCpaA but we find over
15 times more of the .. PypAp. . sequence thanof . PupAp. ..

In the Ty RNase digest of RNAL . #p(¥pC almost all the chains having A and U in
the fourth nucleotide are aceounted for by the fragments having *pC*pC end groups.
Op the other hand, only 35 to 409, of the fragments terminated by o G#p have been

isolated although, based on the recovery of (FpC the digestion was complete,

The Gp-ended fragments are more diflicult to izolate because they are not easily
sqmmhd from the large number of different Gp-ended fragments originating from
internal positions of the chains. G*p. which would arise from chains of the type
RYA. . pEpGHFpCHpC, has not been (.ﬂ)sm'\'v(l sugeesting that Jittle or none of this
FGUENce 0CCUTs.

Although the present study shows that the chains vary in the nueleotide sequences

oceurring next to the CpCpA end group, we do not know whether this vegion contri-
Intes structural information to distinguish the diffecent chains, Tn this connection we
have determined that there ave 20 to 25 different *PJabeled fragments in the T4
QNase digest, implying at least that many different chains, One of the sequences,
RRAL pGpCpApCpCpA represents about 257, of the chains in the population, and
there is no indication that any one wmino acid is hound to that extent. Tn the next
puper (Berg et al., 1962) evidence Is presented which suggests that leucine is Lound in
tait to chaing of the type just mentioned, vet the leueine-specific aceeptor chains do
not account for more than about 40°) of this class. We may snppose therefore that in
this case the three nucleotides following the CpCpA sequence may be common to
chiains with different amino acid specificity. Since there are indications that differences
exish between amino acid-speecific acceptor RNA chains from different species (Rerw
dal, 1961 ; Benzer & Weishhum, 1061, Allen, Glassman, Cordes & Schweet, 1960), 1
would be of interest to compare the types of terminal nucleotide sequences whlch
seeur in such RNA preparations.
‘ To evaluate the results reported here it is important to consider ervors which could
lll‘k‘luunce the amount and position of the *I introduced into the RNA and thereby
uitect the types and distribution of the labeled fragments found in the digests, These
SITOrS are:

{1} Addition of CM*P’ onto the ends of polyribonucleotides other than amine acid-
eeptor RNA or onto oligo- or polynucleotides derived from partially degraded

I8



156 ULF LAGERXVIST AND PAUL BERG

acceptor RNA; both occurrences would introduce the label adjacent to nucleotides neg,
normally occurring at the end of the acceptor RNA chains. In considering thege
possibilities it should be emphasized that such extrancous CM*I acceptors would haye
to possess unesterified terminal 3'-hydroxyl groups.{ Experiments bearing on thig
question show that intact or partially degraded ribosomal RNA is not pyrophes.
phorolysed nor does either function as aceeptors of CMP or AMP from the vespective
nucleoside triphosphates (Preiss et al., 1961; Furth et al., 1961). Poly A, poly AGU@
and poly AU as well as RNA from tobacco or turnip yellow mosaic viruses are ngs
active as nucleotide aceeptors or detectably pyrophosphorolysed. Earlier studics with
venom PDIS showed that, whereas removal of all or a part of the pCpCpA segment
from intact acceptor RNA was essential for incorporating CMP or AMP into the RNA,
removal of additional nucleotides from the chains eliminated the CMP-aceeptor activigy
(Preiss et al., 1961). Internal cleavages in acceptor RNA chains produced by the
PDE action of an RNase from F. colt (Spahr & Tlingworth, 1961) lead to simultancous
loss of amino acid-acceptor activity and the ability to be pyrophosphorolysed (Berg,
unpublished experiments). These experiments suggest that RNA.. (pCpCpa)
pyrophosphorylase requives an intact RNA chain for pyrophosphorolysis; to incor-
porate CMP it requires in addition the unesterified 3'-hydroxyl group of the nucleotide
normally adjacent to the CpCpA end group or of a cytidylate residue linked to that
nuclcotide.

(i) Failure to remove quantitatively the terminal pCpCpA segment and/or to
label subsequently cach chain with two CM*P residues. The extent of the error intro-
duced by ecither of the above depends to a great extent on whether the unlabeled or
incompletely labeled chains are randomly or non-randemly distributed amongst the
population. If they are randomly distributed then the yield of labeled fragments is
decreased but the types of fragments and their relative frequencies in the population
will be unaffected. If, however, only certain types of chains fail to be labeled then our
estimate of the types and frequencies of different sequences will be in error and there
may even be an entire class of sequences which would be missed.

The extent of pyrophosphorolysis of the RNA can be evaluated by examining the
amount of CMP which can be added back. This has averaged 2 CMP residues per
average chain length of 89 nucleotides which agrees closely with estimates of the

" molecular weight of the acceptor RNA (Ofengand et «l., 1961). Morcover, each chain
which can accept any CMP appears eapable of accepting 2 CMP residues since the ratio
of CMP to AMP which can be added back after pyrophosphorolysis is very close to 2.
If there were a significant class of RNA chains from which only AMP and 1 (MP
residuc had been removed, then the ratio of CMP to AMP incorporation would be less
than 2 (Preiss et al., 1961).

(iif) Failure of pancreatic and T; RNase to degrade the RNA chaing ecompletely oF
degradation of the chains at positions other than those predicted from the x'cpm‘th
enzyme speeificity. In this regard none of the fragments identificd thus far, from
either the pancreatic or T, RNase digest, contained a linkage susceptible to the
nuclease used to produce the digest. In the pancreatic RNasce digest only C*p, U#p,
rT*p and di- and trinucleotides terminated with a Py*p group (the total accounting

t To have produced such fragments by inadvertent enzymatic cleavages would requirt ?“
RNA diesterase with a sp(écificit); for cleaving between the 3”-hydroxyl group and the },]“,;[»hllle'
Le. liberating 5’-phosphomonacesters. Only two such degradative enzymes acting on RNA ars

I ; - ) . R et
known, snake venom PDE (Schimidt, 1955) and an RNA phosphodiesterase from A zotobactt
vinlanddt (Stevens & Hilmoe, 1960).
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fop better than 959% of the total *I in the RNA) were observed. Similarly, of the
i,:,m:itlcd fragments produced in the T RiNase digestion. which account for about
M‘)w Cof the *8, all were tevminated either by the expeeted . ApCHFpCt or CG¥p group.
{Lpeover, no *P-containing purine mononucleotides were detected in the panereatie
"; o digest; there were also no *P-containing mononneleotides found in the T,
. :\‘..\. digest, although G*p was a conceivable product (see carlier part of dizcussion).

b labeled mononueleotides would have been indicative of abnormal (lmuf\tr(ns

o
Thow, we have no reazon at present to suspect either cleavages at points other than
i1ose predicted from the reported specificity of the two ribonucleases or that su:\tccm-
e linkages were not hydrolysed. fn any case, the major crror introduced by an
mormal cleavage is in the designation of the innermost nucleotide shown in the
grquences presented in Tables 2 and 5.
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